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Introduction

Tumor progression induces the growth of endothelial cells by releasing angiogenic
factors. This is accompanied by down-regulation of local tissue inhibitors of endothelian
cell proliferation such as angiostatin and endostatin. Both proteins target normal
endothelial cells and effectively regress large tumors in animals. However, animal
studies demonstrate that an effective treatment requires long-term administration of
angiogenesis inhibitors. Thus, delivery of angiogenesis inhibitor genes to tumor sites
should increase local concentration of these proteins, leading to the retardation of tumor
progression and metastasis. We propose to use HIV vectors to deliver the endostatin and
angiostatin genes into human prostate cancer cell lines in culture. The effect of these two
proteins will be evaluated by tumor formation and metastasis in nude mice grafted with
the transduced cells. During the past fiscal year, we have generated two HIV vectors
containing the endostatin and angiostatin cDONA. Human fibroblasts transduced with
these vectors proliferated normally whereas the proliferation of primary HUVEC was
inhibited by the transduction. For efficient gene expression in prostate cancer cells, we
have generated HIV vectors containing the GFP gene controlled by the CMV IE
promoter, the LTR from SFFV and the ubiquitin C promoter. We will determine the
level of GFP expression from these three promoters in human prostate cancer cell lines.




BODY

During this fiscal year, we have systematically evaluated an HIV-derived fragment,
consisting of a polypurine tract sequence (cPPT) [1, 2], that significantly increased the
transduction efficiency of HIV vectors in human hematopoietic progenitor cells and
hepatocytes [3, 4]. This fragment was incorporated into all of our HIV vector constructs
for more efficient gene delivery into human cells, although its effect on the transduction
of human prostate cancer cells remained unknown. We have re-cloned the endostain
cDNA into this 3"-generation HIV vector. In addition, the angiostatin cDNA was also
cloned into the

new HIV

PRE \\\\\\\\\\\\
CMV{lendostatin GFP N LTR vector as

\ shown in Fig.
promoter& 1. Both
enhancer .
deletion vectors contain

the GFP gene
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efficiency can
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Fig. 1. The structures of pHIV/endostatin and pHIV/angio. The infectious
titers for both
vectors were similar, ranging between 10° and 10° transduction units (TU)/ml when
titered on human fibfosarcoma HT1080 cells. Since these vectors were pseudotyped with
the VSV-G protein, we were able to further concentrate the vector titer to more than 10’
TU/ml by ultracentrifugation [3]. We compared the transduction efficiency of the
endostatin vector at different multiplicity of infection (moi) in HT 1080 cells, primary
human umbilical vein
endothelial cells
(HUVEC) and human
prostate cancer PC3
S HUVEC cells. As shown in
Fig. 2, at the same
moi, the HIV vector
transduced HUVEC
: cells most efficiently
10 5 33 25 1 05 025 Whereas the
moi transduction
Fig. 2. Comparison of the HIV transduction efficiency in human efficiency in PC3 cells
cells. was 4-5 fold lower.
At moi of 5, only 20%
of the PC3 cells were transduced by the vector. This study suggests that high vector titers
may be required to efficiently deliver the endostatin and angiostatin cDNAs into human
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prostate cancer cells. To determine whether expression of endostatin and angiostatin has
any adverse effect on cell proliferation, HT1080 cells were transduced with the two
vectors either alone or together at various moi and cell proliferation was monitored with
the MTT assay. As
shown in Fig. 3,
transduction by these
vectors had little
effect on cell
proliferation.
Although HIV/angio
transduction led to

' decreased cell

HIV-GFP HIV/endo HiV/angio  endo-angio proliferation at moi
Fig. 3. The effect of HIV/endo and HIV/angio transduction on HT1080 of 2, this effect was
proliferation. probably non-
specific since
transduction with both vectors at the same moi did not significantly alter cell proliferation
(Fig. 3, endo-angio). Thus, expression of angiogenesis, as expected, does not alter the
growth of a non-endothelial cell origin. In contrast, when primary HUVEC were
transduced with the vectors, cell proliferation was inhibited by HIV7/endo and

120

% of proliferation relative to
mock transduced cells

HIV7/angio transduction
(Fig. 4). This result
— indicates that expression
B 05 of angiostatin and
= endostatin can act on the
"2 proper target and
specifically inhibit cell
: . proliferation. Prostate
HIV-GFP HIV/endo HIV/angio cancer PC3 cells were

. . . e transduced with HIV-GFP,
Fig. 4. Expression of endostatin and angiostatin inhibits HUVEC HIV/endo. HIV /angio and

proliferation. : HIV/endo plus HIV/angio

100
90

% of proliferation relative to
mock transduced cells
3

at moi of 5. We are currently assessing the transduction efficiency by determining the
percentage of GFP+ cells in each cell population. In the case that not all the cells are
transduced with the vector, we will perform repeated transduction until more than 95% of
the cells become GFP+. The effect of angiogenesis inhibitor expression will then be
evaluated by transplanting the cells onto nude mice for tumor formation. The relatively
low transduction efficiency of HIV vectors in prostate cancer cells (Fig. 2) further
emphasizes the importance of testing strong promoters for efficient gene expression in
prostate cancer cells. During the past year, we have compared the promoter strength of
the CMV IE promoter and the SF promoter derived from the long terminal repeat (LTR)
of spleen focus forming virus (SFFV) in different cell types [3]. These promoters
functioned in the context of an HIV vector and drove the expression of the GFP gene. In
HT1080 cells, the CMV IE promoter was a much stronger promoter whereas the SF LTR
functioned more efficiently in human hematopoietic cells [5]. We have also obtained the
human ubiquitin C promoter which directs high-level gene expression in most of the




mammalian cells. This promoter has been inserted into our HIV vector for GFP
expression. We are currently comparing the level of GFP gene expression from the three
promoters in PC3 cells. The most efficient promoter will then be used to drive the
expression of the endostatin and angiostatin cCDNAs.




Key Research Accomplishments
1. Complete the construction of 3™ generation HIV vectors containing the endostatin
and angiostatin cDNAs

2. Demonstrate the inhibition of endothelial cell proliferation when transduced with the
two HIV vectors

3. Complete the construction of three HIV vectors containing different promoters to
drive GFP gene expression in prostate cancer cell lines




Reportable Outcomes
1. Construct two 3™ generation HIV vectors containing the endostatin and angiostatin
cDNAs that can be applied to the treatment of multiple tumor cell types

2. Claudia Kowolik, a Postdoctoral Fellow, received training in HIV vector construction
and production




Conclusion
1. High-titer HIV vectors (10°-10° TU/ml) containing the endostatin and angiostatin
c¢DNAs could be obtained. They could be further concentrated by ultracentrifugation.

2. These vectors could transduce human cells with different efficiency. The
transduction efficiency in prostate cancer cell lines, however, was lower than that in
other cell types.

3. Transduction with these vectors did not alter the proliferation of HT1080 cells but
retard the proliferation of primary HUVEC, suggestlng that the two proteins acted on
the proper cell type (endothelial cells).

10
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Design of HIV Vectors for Efficient Gene Delivery into
Human Hematopoietic Cells

Priscilla Y. Yam, Shulian Li, jerry Wu, Jun Hu, John A. Zaia, and Jiing-Kuan Yee*
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*To whom correspondence and reprint requests should be addressed. Fax: (626) 301-8280. E-mail: jyee@coh.org.

Vectors derived from human immunodeficiency virus (HIV) hold promise for efficient gene
delivery into human hematopoietic cells. In this study, HIV vectors containing different combi-
nations of cis-acting elements, including the HIV central flap sequence, and the woodchuck
posttranscriptional regulatory element (WPRE) in combination with two different promoters,
were used to transduce primary human lymphocytes and cord blood CD34+ progenitor cells.
The effect of these elements on the transduction efficiency and transgene expression was
systematically evaluated. The results demonstrate that with the combination of flap, WPRE
sequences, and the promoter derived from spleen focus-forming virus (SFFV), a foreign gene
can be efficiently delivered into primary human T lymphocytes and cord blood CD34+ cells. The
study establishes the parameters for proper vector design to efficiently deliver foreign genes

into human hematopoietic cells.

Key Words: HIV vectors, lymphocytes, CD34+ cells, transduction, gene expression

INTRODUCTION

The ability to deliver foreign genes into hematopoietic
cells provides the opportunity to treat genetic or acquired
diseases in human patients. Peripheral T lymphocytes and
hematopoietic stem cells (HSCs) are particularly useful tar-
gets for genetic modification. T lymphocytes are easy to
purify and can proliferate vigorously in culture with appro-
priate cytokine stimulation; moreover, the lifespan of
some lymphocyte subpopulations can persist in vivo for up
to several years [1-3], making them ideal targets for long-
term transgene expression. HSCs have the properties of
self-renewal and differentiation into cells of all blood lin-
eages. Successful gene delivery into HSCs can therefore
permanently correct a defect in the hematopoietic system.
So far, the most widely used vectors for delivering genes
into HSCs are retroviral vectors derived from murine
leukemia virus (MLV). However, the low transduction effi-
ciency and poor long-term gene expression in these cells
have hampered their clinical application [4-6].

Vectors derived from lentiviruses hold promise to over-
come the problems encountered with the MLV vectors.
Lentiviruses are known to infect nondividing cells such as
macrophages because of the presence of the nuclear local-
ization signal in several virally encoded proteins [7-9].
Vectors derived from HIV-1 were shown to transduce
CD34+ hematopoietic progenitor cells isolated from
human bone marrow and cord blood [10-16]. The trans-
duced progenitor cells have long-term engraftment ability

in nonobese diabetic/severe combined immunodeficiency
(NOD/SCID) mice and can differentiate into cells of both
myeloid and lymphoid lineages in vivo. These results
demonstrate the potential of HIV-based vectors to deliver
genes into primitive hematopoietic cells for potential treat-
ment of human diseases.

In the current study, we have systematically evaluated
two cis-acting elements for their effect on HIV vectors to
transduce primary human T lymphocytes and CD34+ cells.
One sequence element, termed central DNA flap, -consists
of a polypurine tract sequence (cPPT) and a central termi-
nation sequence (CTS). It is present within the HIV poly-
merase (pol) gene and is able to facilitate nuclear import
of the viral preintegration complex [17,18]. A second
sequence element, termed WPRE, present in the genome
of woodchuck hepatitis virus, was shown to increase trans-
gene expression in the context of plasmid DNAs or viral
vectors [19-21]. In this study, we also compare the activ-
ity of two promoters for transgene expression in
hematopoietic cells: the promoter derived from the imme-
diate early (IE) gene of cytomegalovirus (CMV) and the
promoter derived from the long terminal repeat (LTR) of
SFFV virus [22]. The CMV promoter functions strongly in
cells such as fibroblasts, but its promoter activity is sig-
nificantly diminished in hematopoietic cells. In contrast,
efficient transcription from the SFFV LTR was observed
not only in fibroblasts but also in several cell types of the
myeloid lineage [22].
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Our results demonstrated that the central flap element,
when combined with the WPRE sequence and the SFFV
LTR in a self-inactivating (SIN) vector backbone, facilitated
efficient transduction and transgene expression in primary
human T lymphocytes and HSCs.

While the CMV IE promoter was relatively inefficient
in CD34+ cells and their differentiated progenies such as
erythrocytes and myelomonocytic cells, its activity was
upregulated in differentiated dendritic cells. These studies
optimize the parameters for proper design of efficient HIV
vectors to transduce primary human hematopoietic cells
in culture and should be useful for future somatic gene
therapy applications.

sn=| GFP

> : the direction of transcription

RESuLTS

Generation of HIV Vectors
To determine the parameters in vector design for efficient
transduction of primary human T lymphocytes and HSCs,
a set of four HIV vectors were constructed (Fig. 1). HIV3/C-
GFP contains the backbone of an HIV vector with
the green fluorescence protein (GFP) gene con-

FIG. 1. Schematic representation of HIV-based SIN vectors. A represents a
400-bp deletion in the 3'-LTR that completely removes the HIV enhancer and
promoter sequences. All vectors contain the enhanced GFP gene as the
reporter. Arrows depict the direction of transcription. The 5'-LTR of each vec-
tor construct contains a fusion promoter with the CMV enhancer linked to the
promoter of the HIV LTR. The cis-regulatory elements used to drive GFP expres-
sion include the IE promoter and enhancer of cytomegalovirus (CMV) and the
LTR of spleen focus-forming virus (SF). The solid boxes represent the 190bp
flap sequence from HIV-1.

cells, and the titer of each vector was determined in HT1080
cells, a human fibrosarcoma line, and was generally in the
range between 106 and 107 transduction units/ml.

Transduction of Primary Human T Lymphocytes

Primary human T lymphocytes were isolated from normal
donor’s peripheral blood. The cells were expanded using
anti-CD3 and anti-CD28 antibodies, followed by vector
transduction at a multiplicity of infection (MOI) of 30. Flow-
cytometric analysis of GFP+ cells in one of the
transduced donor samples (donor 2) before normalization
to the amount of the input p24 is shown in Fig. 2. Table 1
summarizes the transduction of T lymphocytes isolated
from five different donors. The percentage of HIV6/C-GFP-
transduced cells, when normalized to the amount of p24,
was not significantly different from that of HIV3/C-GFP-
transduced cells (t-test, P = 0.3). In contrast, the mean
fluorescence intensity of the HIV6/C-GFP-transduced cells
was consistently higher (between 1.6- and 3.1-fold,
P =0.05) than that of the HIV3/C-GFP-transduced cells, irre-
spective of the transduction efficiency (Table 1). Thus, the
WPRE sequence increased transgene expression from the
CMV promoter but had little effect on the transduction effi-
ciency in primary human T lymphocytes. Inclusion of the
flap sequence in HIV7/C-GFP enhanced the transduction
efficiency by ~ 4- to 10-fold when compared with HIV6/C-
GFP (P = 0.02), and a slight increase in mean fluorescence
intensity was also observed (Table 1). It is unlikely that this
increase in the transduction efficiency is the result of

trolled by the CMV IE promoter. The HIV

TABLE 1: Transduction of primary T lymphocytes with HIV vectors

enhancer in the U3 region of the 5'-LTR was
replaced with the CMV IE enhancer, enabling the
production of this vector in the absence of the Tat
protein {23]. The HIV enhancer and promoter
sequences in the U3 region of the 3'-LTR were
removed, resulting in the production of a SIN vec-
tor [24]. HIV6/C-GFP is similar to pHIV3/C-GFP
except that the WPRE sequence was inserted
immediately downstream of the GFP gene.
Insertion of the HIV central DNA flap sequence
upstream of the CMV promoter in pHIV6/C-GFP

Donor®
1

“n A w N

% of transduction/ug of p24 (MFi)?

HIV3/C-GFP  HIV6/C-GFP HIV7/C-GFP HIV7/SF-GFP
3.0 (20) 9.7 (43) 34.6 (81) 19.5 (127)
1.5(72) 2.8 (128) 31.2 (209) 32.3 (546)
2.0 (58) 1.2(91) 8.9 (80) 13.9 (219)
2.9 (49) 1.6 (88) 16.9 (131) 15.0 (194)
1.8 (14) 0.6 (43) 5.6 (83) 9.0 (216)

1.0 (71

created pHIV7/C-GFP. To compare different pro-
moters, the CMV promoter in pHIV7/C-GFP was
replaced with the SFFV LTR to create pHIV7/SF-
GFP. Infectious vectors were generated from 293T

indicated.

*% of transduction represents the fraction of GFP+ cells in total T lymphocytes § days after transduction.
These values were normalized to the amount of the input p24. MFI, mean fluorescence intensity.
®Primary human T lymphocytes were isolated from 5 different donors and transduced with the vector

The transduced T lymphocytes were treated with 5 mM of AZT during incubation.
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pseudotransduction, because addition

mock

HIV3/C-GFP

of 3'-azido-3’ deoxythymidine (AZT)
caused a 90% inhibition in transduc-
tion (Table 1, donor 5). The presence

27

of the flap sequence in an HIV vector
thus significantly increased its trans-
duction efficiency in primary human

2% '

T lymphocytes.
Although the CMV IE promoter
functions strongly in fibroblasts, its

HIV6/C-GFP

HIV7/C-GFP

activity in hematopoietic cells is rel-
atively inefficient. To identify a more
efficient promoter, we compared the

128

209

activity of the SFFV LTR and the f
CMV promoter in primary human T
lymphocytes. While the transduction
efficiency of HIV7/C-GFP and
HIV7/SE-GFP in primary lympho-
cytes was similar, HIV7/SF-GFP-trans-
duced cells demonstrated higher lev-

9.2% 20.5% |

HIV7/SF-GFP

FIG. 2. Transfer and exbression of the GFP

els of mean fluorescence intensity of
GFP than HIV7/C-GFP-transduced
cells (Table 1). Lymphocytes from

gene in T lymphocytes via HIV vectors. Primary
human T lymphocytes were transduced with
the indicated vector at an MOI of 30. Cells

two donors (donors 3 and 5) exhib-
ited almost three-fold difference in
the mean fluorescence intensity
when transduced by the two vectors
(Table 1). Taken together, these
results demonstrate that the WPRE
and flap sequences in conjunction
with an efficient promoter such as the SFFV LTR can sig-
nificantly increase the transduction efficiency of HIV vec-
tors and transgene expression in primary human T lym-
phocytes.

Cell Number

TABLE 2: Transduction of cord blood CD34+ cells
with HIV vectors

% of transduction/ug of p24 (MFI)

Donor? HIV6/C-GFP HIV7/C-GFP HIV7/SF-GFP
1 1 (50) 13 (90) NDb

2 6 (236) 55 (585) 47 (1434)
3 3 (196) 62 (270) 65 (667)
4 8 (434) 81 (651) 71 (2420)
5 7 (40) 69 (81) 69 (1310)
6 10 (325) 68 (366) 63 (2061)
7 12 (521) 88 (860) 78 (1825)
8 5(138) 43 (164) 55 (823)

*Cord blood CD34+ cells were isolated from 8 donors and were transduced with the vec-
tor indicated. % of transduction represents the fraction of GFP+ cells in total CD34+ cells
5 days after transduction. MFI, mean fluorescence intensity.

bND, not done

——— GFP

| were analyzed by flow cytometry for GFP
expression 5 days later. Results are represented
as histograms of GFP fluorescence intensity
versus cell number. GFP+ cells were analyzed
for percentage (lower number) and mean flu-
orescence intensity (upper number).

Transduction of Cord Blood CD34+ Cells

Cord blood CD34+ cells were grown in serum-free culture
media in the presence of stem-cell factor (SCF), throm-
bopoietin (TPO), and Flt3/Fik2 ligand (FL). Preliminary
studies demonstrated that such conditions minimized cell
proliferation and preserved up to 90% of the CD34+ phe-
notype for at least 72 hours (data not shown). We then
compared the transduction efficiency of cord blood CD34+
cells using HIV6/C-GFP, HIV7/C-GFP, and HIV7/SF-GFP
in the culture condition. The results of transducing cord
blood CD34+ cells from eight different donors were sum-
marized in Table 2. The transduction efficiency of HIV7/C-
GFP, when normalized to the amount of the input p24,
was on average 10-fold higher than that of HIV6/C-GFP
(P < 0.001). Similar results were obtained from the analy-
sis of methylcellulose colonies derived from the transduced
cells (data not shown). The mean fluorescence intensity of
the HIV7/C-GFP-transduced cells also increased slightly
relative to that of HIV6/C-GFP-transduced cells. More effi-
cient migration of the HIV pre-integration complex into
the nucleus of HIV7/C-GFP-transduced cells may account
for this increase in fluorescence intensity. While the trans-
duction efficiency of HIV7/C-GFP and HIV7/SF-GFP was
similar in CD34+ cells, the GFP mean fluorescence inten-
sity from cells transduced with HIV7/SF-GFP was on aver-
age five-fold higher than that from cells transduced with

MOLECULAR THERAPY Vol. 5, No. 4, April 2002
Copyright © The American Society of Gene Therapy
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HIV7/C-GFP

FIG. 3. GFP expression in hematopoietic cell
lineages differentiated from transduced cord

e I "

CD14 GLY A

blood CD34+ cells. The cells were mock-
transduced, or transduced with either
HIVZ/C-GFP or HIV7/SF-GFP at an MOI of 40.
The transduced cells were then subjected to
the treatment of different cytokines for dif-
ferentiation into various cell lineages. After
differentiation, the cells were analyzed by
flow cytometry for the expression of both
GFP and lineage-specific markers (gly-
cophorin A, CD14, and CD11c for erythroid,
myelomonocytic, and dendritic cells, respec-
tively). The percentage value (lower number)
represents the fraction of GFP+ cells in gly-
cophorin A+, CD14+, or CD11c+ cell popu-
lation, and the mean fluorescence intensity of
these differentiated GFP+ cells is also indi-
cated (upper number). Quadrants were set

HIV7/SF-GFP

i

CDllc

e g -

100 100 102 10} 104

according to staining with isotype-matched
negative control antibodies.

GFP

HIV7/C-GFP (P = 0.001). In one of the cord blood samples
(donor 5), HIV7/SE-GFP transduction led to a 16-fold
higher GFP expression than HIV7/C-GFP transduction. We
concluded from these results that the flap sequence facil-
itated HIV vector transduction of HSCs in the absence of
cytokine-induced cell proliferation, and that the SFFV LTR
served as an efficient promoter for transgene expression in
these CD34+ cells.

Influence of Differentiation on GFP Expression in
Transduced CD34+ Cells

To determine whether the two promoters continued to
function in transduced CD34+ cells after differentiation,
we subjected the transduced cells to cytokine treatment to
allow differentiation into various hematopoietic cell line-
ages. For erythroid differentiation, a significant fraction of
glycophorin A-positive (glyA+) cells continued to express
GFP, and the mean fluorescence intensity of GFP in the
HIV7/SF-GFP-transduced, glyA+ cells was five-fold higher
than that in HIV7/C-GFP-transduced cells (Fig. 3). GFP
expression persisted upon differentiation of CD34+ cells
into CD14+ myelomonocytic cells, and the expression
level in HIV7/SF-GFP-transduced, CD14+ cell population
was 3.5-fold higher than that in HIV7/C-GFP-transduced
cells (Fig. 3). In contrast, GFP expression in HIV7/C-GFP-
transduced, CD11c+ dendritic cells was 2.5-fold more effi-
cient than that in HIV7/SF-GFP-transduced cells (Fig. 3).
Similar results were also obtained in the differentiated
CD1a+ cell population (data not shown). These results sug-
gest that these two promoters continue to function

throughout CD34+ cell differentiation. In differentiated
erythroid and myelomonocytic cells, the SFFV LTR func-
tions more efficiently than the CMV IE promoter in driv-
ing transgene expression. In contrast, the CMV IE pro-
moter acts as a more efficient promoter in differentiated
dendritic cells. Thus, the promoter activity in an HIV vec-
tor can be differentially regulated. This regulation appears
to be dependent on the differentiation status of the
hematopoietic cell lineage.

DisCussiON

In this study, we systematically compared the effect of the
WPRE and flap sequences on transduction efficiency and
gene expression of HIV vectors in primary human T
lymphocytes and CD34+ cells. Our results demonstrated
that the presence of the WPRE sequence had little effect
on the transduction efficiency in T lymphocytes but did
increase GFP expression. This increase in GFP expression
from the CMV IE promoter was modest, between two- and
three-fold, and was consistent with the study reported by
Ramezani et al. [12]. While the effect of the WPRE
sequence on the SFFV LTR was not investigated in our
study, Ramezani et al. reported consistent stimulation of
the LTR derived from various MLV family members [12].
Thus, the presence of WPRE would be predicted to facili-
tate more efficient gene expression from the SFFV LTR.
Insertion of the flap sequence significantly increased the
transduction efficiency in T lymphocytes. A comparison
between HIV7/SF-GFP and HIV3/C-GFP demonstrated that
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the average improvement in transduction efficiency was
approximately ninefold and the average improvement in
GFP expression was approximately sevenfold. Thus, such
a combination of various cis-regulatory elements signifi-
cantly boosts the ability of an HIV vector to transduce and
express a transgene in primary human T lymphocytes.

In the current study, we used unstimulated cord blood
CD34+ cells to evaluate the effect of these elements on
transduction and gene expression. This strategy likely
mimics the actual transduction conditions used in a gene
therapy setting, in that cytokine stimulation of
hematopoietic progenitor cells in culture can lead to cell
commitment and differentiation. Our studies demon-
strated that, under these conditions, cord blood CD34+
cells were susceptible to HIV vector transduction, and up
to 70% of the cells exhibited GFP expression. Similar to T-
lymphocyte transduction, the flap sequence enhanced the
transduction efficiency in CD34+ cells, and the level of
enhancement was similar in these two cell populations. In
this study, T lymphocytes were stimulated to proliferate
while CD34+ cells remained relatively quiescent before
the application of HIV vectors. Thus, the presence of the
flap sequence enhanced the transduction irrespective of
the status of cell proliferation.

For efficient transgene expression in hematopoietic
progenitor cells, we compared the activities of the CMV
IE promoter and the SFFV LTR. The SFFV LTR was tested
because it had been shown to have high promoter activ-
ity in both multipotent and lineage-committed myeloid
cell lines [22]. Our studies demonstrated that both pro-
moters continued to function after differentiation of the
transduced CD34+ cells into different cell lineages in cell
culture, suggesting that the differentiation process did not
silence the promoter activity in the context of an HIV vec-
tor. While GFP expression from the SFFV LTR was consis-
tently higher than that from the CMV IE promoter in
myelomonocytic and erythroid cell lineages, the expres-
sion from the CMV IE promoter was more efficient in the
dendritic cell lineage. Thus, the process of hematopoietic
cell differentiation can alter the activity of a promoter
inserted into an HIV vector.

Besides modifications of the HIV-based vectors by the
incorporation of the WPRE and flap sequences, the HIV
promoter and enhancer sequences in the U3 region of
the LTR were also removed from the vectors to generate
the SIN vector [24,25]. Because the HIV LTR is transcrip-
tionally inactive, the possibility of activating cellular
genes flanking the vector integration site would be min-
imized by this alteration. Moreover, the use of the SIN
vector renders it unlikely that the vector could be rescued
by a replication-competent HIV and spread to untrans-
duced cells. Because modifications created in the SIN vec-
tor have little effect on vector titers [24,25], such vectors
would be ideal to deliver a transgene into the hematopoi-
etic system for disease treatment. Our results demonstrate
that with the combination of WPRE, flap, and the SFFV

LTR, a foreign gene can be efficiently delivered into pri-
mary human T lymphocytes and cord blood CD34+ cells.
Such vectors should aid in high-level and long-term gene
expression in the human hematopoietic system and in the
genetic treatment of diseases associated with this system.

MATERIALS AND METHODS

Cell lines. Both 293T and HT1080 cells used in this study were maintained
in high-glucose (4.5 g/liter) Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, 2 mM L-glutamine, and 100 mg of gentam-
icin/liter.

Cytokines. The following cytokines were purchased from R&D
(Minneapolis, MN): interleukin 2 (1L-2), IL-3, GM-CSF, SCF, FL, TPO, tumor
necrosis factor (TNF)-a, and 1L-4. Erythropoietin (EPO) was purchased from
Amgen (Thousand Oaks, CA). :

Plasmid construction and vector production. The construction of pHIV3
has been described [26). To generate pHIV3/C-GFP, a 1.3-kb fragment con-
taining the gene encoding GFP under the control of the CMV IE promoter
was obtained by PCR of pEGFP-C1 (Clontech, Palo Alto, CA) and inserted
into the unique BamHI site in pHIV3. To generate pHIV6, a 600-bp BamHI-
Sall fragment containing the WPRE sequence was inserted into pHIV3 imme-
diately downstream of the unique BamHI site. The same CMV-GFD cassette
described above was then inserted into the unique BamHI site in pHIV6 to
generate pHIV6/C-GFP. To generate pHIV7, a 190-bp Bglll-BamHI fragment
containing the flap sequence was amplified from pCMV-HIV-1 [27] by PCR
and inserted into pHIV6 between the RRE sequence and the unique BamHI
site. The CMV-GFP cassette was then inserted into the BamHI site in pHIV7
to generate pHIV7/C-GFP. To generate pHIV7/SF-GFP, the 740-bp fragment
containing the GFP gene from pEGFP-C1 was first linked with the 701-bp
BamHI-Kpnl fragment containing the SFFV LTR [22]. The 1.4-kb fragment
containing the GFP gene under the control of the SFFV LTR was then
inserted into the BamHI site in pHIV7 to generate pHIV7/SF-GFP.

To produce infectious vectors, 293T cells at a density of 4 X 106 per
10-cm culture dish were transfected with 10mg of pCMV-G, 10 pg of
pCMV-HIV-1, and 20 pg of each vector construct by the method of cal-
cium phosphate coprecipitation. Vectors were harvested at 24 and 36 hours
after transfection and the titer was determined in HT1080 cells by flow
cytometry analysis of GFP expression.

Transduction of primary T lymphocytes. Mononuclear cells (MNCs) were
purified by Ficoll-Paque gradient (Pharmacia, Piscataway, NJ). The isolated
MNCs were grown in RPMI 1640 medium supplemented with 10% FBS, and
the culture dish was pretreated with antibodies directed against CD3 and
CD28 cells (BD PharMingen, San Diego, CA) at a concentration of 0.1
pg/ml to stimulate lymphocyte proliferation. Two days after stimulation,
the cells were transduced with HIV vectors at an MOI of 30 for 4 hours in
a culture dish pretreated with 50 pg/ml Retronectin (Biowhittaker,
Walkersville, MD). The transduced cells were pelleted, washed, and resus-
pended in anti-CD3/anti-CD28-coated culture dishes containing RPMI 1640
medium supplemented with 10% FBS and S U/ml IL-2. Five days after
transduction, GFP+ cells were analyzed by flow cytometry.

Transduction of CD34+ cells. CD34+ cells were isolated from umbilical
cord blood samples. CD34+ progenitor cells were enriched from MNCs by
immunomagnetic beads and monoclonal antibody directed against CD34
(Miltenyi Biotech, Auburn, CA). After two cycles of selection, the purity was
estimated to be > 90% by fluorescence-activated cell sorting (FACS). For
transduction, 4 X 10%-1 X 10° CD34+ cells were seeded in 48-well
fibronectin-treated plates in 100 pl of BIT9500 medium (Stem Cell
Technology Inc., Vancouver, BC, Canada) supplemented with FL, SCF, and
TPO at a ratio of 50:50:10 ng/ml. After the cells were incubated overnight
at 37°C in 5% CO,, they were transduced with a single exposure of virus
at an MOI of 40. On day 5 after transduction, the cells were anatyzed for
GFP expression by flow cytometry.

In vitro differentiation of CD34+ cells. For CD34+ cell differentiation into
the erythroid lineage, the transduced CD34+ cells were cultured in 15%
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BIT9500) medium supplemented with EPO at 2 U/ml and SCF at 100 ng/ml.
Flow cytometry analysis using a monoclonal antibody to glycophorin A was
done weekly for 3 weeks to monitor erythroid differentiation. For CD34+ cell
differentiation into the myelomonocytic lineage, the transduced CD34+ cells
were cultured in 15% BIT9500 medium supplemented with GM-CSF and
SCF at 20 ng/m for 3 weeks. Myelomonocytic differentiation was monitored
by flow cytometry analysis using a CD14-specific monoclonal antibody. For
CD34+ cell differentiation into the dendritic lineage, the transduced CD34+
cells were cultured in 15% BIT9500 medium supplemented with TNF-«, GM-
CSF, and SCF at a ratio of 50 U:200 U:50 ng/m!. After 5 days, 11.-4 was added
at a concentration of S0 ng/ml, and dendritic differentiation was monitored
12 days later by flow cytometry analysis using monoclonal antibodies spe-
cific to CD1a and CD11c. All phycoerythrin-conjugated monoclona! anti-
bodies were purchased from B> PharMingen.
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One of the major challenges facing gene therapy is the development of vectors targeting spe-
cific cell types. Restricting gene delivery to the relevant cell type leads to reduced T-cell
responses to transgene products and prolonged gene expression. In this study, we demonstrate
that vectors derived from human immunodeficiency virus (HIV) can be pseudotyped with
Sendai virus fusion protein F. Such vectors transduced human hepatoma cells and primary
human hepatocytes efficiently, but not non-liver cells. Several different approaches were also
taken to significantly increase the titer of the pseudotyped vector. These studies may facilitate
HIV vector-mediated gene delivery into liver in vivo.

Key Words: lentiviral vector, Sendai virus, hepatocyte

INTRODUCTION

Lentiviral vectors are promising tools for gene therapy
studies. Unlike murine leukemia virus (MLV)-based vec-
tors, lentiviruses are able to efficiently transduce prolifer-
ating as well as quiescent cells [1-5]. One of the major
challenges facing lentiviral-based gene delivery systems is
the development of vectors targeting specific cell types.
Ubiquitous expression of transgenes, especially in antigen
presenting cells, can induce immune responses against
vectors or transgene products. This can lead to selective
elimination of the transduced cells and limit the applica-
tion of gene therapy for treatment of chronic disorders.
Infection of dendritic cells by adenoviral vectors and
adeno-associated viral vectors led to the development of
cytotoxic T-lymphocyte responses to the transgene prod-
uct [6,7]. A previous report [8] demonstrated that restrict-
ing the expression of transgenes to skeletal muscle cells led
to much weaker CD8* T-cell responses towards strongly
immunogenic transgene products and prolonged trans-
gene expression in vivo. These studies emphasize the
importance of restricted transgene expression for the suc-
cessful application of gene therapy to treat human dis-
eases that require prolonged expression of the transgene.

Strategies that direct gene delivery to specific cell types
include chemical modification of viral envelope (env) pro-
teins, the use of antibodies to bridge viral env proteins
with specific cell-surface molecules, and the use of recom-
binant env proteins containing cell-specific ligands or sin-
gle-chain antibodies [9-12]. Formation of stable pseudo-
types between HIV particles and viral env proteins has
been described in several cases, where the natural CD4*

tropism of HIV has been altered to broaden the host cell
range [13,14]. But so far no lentiviral vector has been tar-
geted to deliver genes to a specific cell type.

The Sendai virus F env protein (SV-F) is capable of bind-
ing specifically to the hepatic asialoglycoprotein receptor
(ASGP-R), mediating the fusion of the viral envelope with
the cell membrane [15-17]. MLV vectors pseudotyped with
SV-F can specifically transduce human hepatoma cells [18].
To determine whether SV-F could similarly pseudotype
HIV particles and achieve liver-specific transduction, we
tested the ability of HIV vectors to incorporate SV-F and
transduce hepatocytes specifically. As the reported titers of
SV-F-pseudotyped MLV vectors were relatively low [18],
we further investigated several approaches, including mod-
ification of SV-F, the vector, and the transduction method,
in an attempt to increase hepatocyte transduction effi-
ciencies with the pseudotyped vectors. Our results suggest
that pseudotyping with the SV-F protein has the potential
to confer hepatocyte specificity on lentiviral vectors.

RESULTS

Pseudotype Formation between an HIV

Vector and SV-F

To determine whether SV-F can be incorporated into HIV
particles, we generated HIV-3/B-gal vectors (Fig. 1) pseudo-
typed with SV-F by transient transfection. HIV-3/B-gal vec-
tors pseudotyped with VSV-G were used as a control. After
activation of SV-F with acetylated trypsin, we determined
the vector titers on HT1080 cells, a human fibrosarcoma
line, and HepG2 cells, a well-differentiated human
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FIG. 1. Structures of the HIV vectors. CMV/LTR represents
the fusion between the CMV enhancer of the IE gene and
the promoter of the HIV 5’ LTR, in which the HIV
sequence upstream of the TATA box was replaced by the
CMV enhancer. This modification renders the genera-
tion of HIV vectors Tat-independent [46]. CMV repre-
sents the 750-bp CMV IE promoter and enhancer
sequences. WPRE represents the 600-bp post-transcrip-
tional regulatory element from woodchuck hepatitis
virus. cPPT represents the 190-bp central polypurine tract
sequence from HIV-1. AU3 symbolizes a 400-bp deletion
in the 3’ LTR that completely removed the enhancer and
promoter sequences in the U3 region of the HIV 3" LTR.
This deletion leads to the production of self-inactivating
(SIN) HIV vectors [44]. The arrows indicate the direction
of transcription from the internal CMV promoter.

pHIV-3/B-gai

pHIV-6/B-gal

pHIV-7/p-gal

hepatoma line. Cells were stained for B-galactosidase
(B-gal) expression 48 hours after transduction. The titer of
HIV-3/B-gal(G) in HepG2 cells was 2.6 X 10° transduc-
tion units (TU)/ml on average, whereas the titer of HT1080
was in the range of 1.3 X 10° TU/ml (Table 1). In contrast,
HIV-3/B-gal(F) was able to transduce HepG2 cells, gener-
ating a titer of 6.5 X 10° TU/ml, but not HT1080 cells
(Table 1). Despite the similar amounts of vectors used for
transduction, as determined by the p24 level of each
vector preparation, the transduction efficiency of
HIV-3/B-gal(F) in HepG2 cells was approximately 98%
lower than that of HIV-3/B8-gal(G).

Cultivation of HepG2 cells on Transwell-COL cell cul-
ture membrane inserts and subsequent flow-through
transduction with MLV (SV-F) pseudotypes led to signifi-
cantly improved titers [18]. To increase the transduction
efficiency of HIV-3/B-gal(F), HepG2 cells were cultivated
on collagen-coated Transweli-COL cell culture membrane
inserts, which displayed an estimated porosity of 50%.
The cells were transduced either with the static method
as described above or with the flow-through method [19].
The flow-through method increased the transduction effi-
ciency of HIV-3/B-gal(F) in HepG2 cells by fourfold rela-
tive to the static method. The titer of the same vector
preparation increased from 6.5 X 10% to 2.4 X 10* TU/ml.
We also observed a similar increase using the flow-
through transduction with HIV-3/8-gal(G), increasing the
titer from 2.6 X 10° to 5.5 X 10° TU/ml.

CMY/LTR

CMV/LTR

CMV/LTR

LTR

Aw

like MLV vectors, HIV vectors can be pseudotyped with the
SV-F protein, leading to preferential gene delivery into
hepatoma cells. However, the vector titer needs to be
increased further before practical application of this sys-
tem for efficient gene delivery into liver can be achieved.

Modification of the Cytoplasmic Domain of SV-F
Interactions between the cytoplasmic domain of the HIV
envelope (env) protein and the viral nucleocapsid have
an important role in specific incorporation of the HIV
envelope protein into the virion [20-22]. To investigate
whether these interactions facilitate the incorporation of
SV-F and thus increase the vector titers, we constructed
pCMV-Fenv, which encoded a fusion protein containing
the extracellular and transmembrane domains of SV-F and
the cytoplasmic domain of HIV env.

We used HIV-3/g-gal(F) and HIV-3/B-gal(Fenv) with
similar levels of p24 to transduce HepG2 cells and deter-
mine vector titers by B-gal staining. The vector titers
derived from pCMV-Fenv were reduced by more than 99%
to 1.2 X 10? TU/ml compared with that from pCMV-F
(Table 3). Because the cytoplasmic tail of the fusion pro-
tein was derived from HIV env, this reduction in titers is
most likely a result of decreased stability of the fusion pro-
tein or inefficient transportation of the fusion protein from
endoplasmic reticulum to cell surface [23,24]. Thus, sub-
stitution of the cytoplasmic tail of SV-F with that of HIV
env failed to improve the titer of SV-F pseudotype.

Preferential Transduction of Hepatocytes with

TABLE 1: Titers of HIV-3/B-gal pseudotypes

HIV-3/B-gal(F) Pseudotypes
To determine if the SV-F pseudotypes transduce
hepatocytes specifically, we used HIV-3/B-gal(F) to

Vector

Titer (TU/ml) in

HT1080 HepG2

transduce HeLa cells as well as several well-differ-
entiated human hepatoma lines, including Hep3B,
Huh?7, and Huh6. HIV-3/B-gal(F) was able to trans-
duce these human hepatoma cell lines, with trans-
duction efficiencies ranging between 1.7 x 103
TU/ml in Huhé6 cells and 5.3 X 10* TU/ml in Huh7
cells (Table 2). Compared with hepatoma lines,
HelLa cells could be transduced only poorly. Thus,

2.6 X 105+ 0.9 X 10°
6.5%X103+1.2x10°

1.3 X 106+ 0.5 x 108
0.0

HIV-3/B-gal(G)
HIV-3/B-gal(F)

HIV-3/B-gal vectors pseudotyped with SV-F or VSV-G were generated by transient transfection using
PCMV-G or pCMV-F, respectively. After activation of SV-F with acetylated trypsin, the vectors were
used to transduce HT1080 cells or HepG2 cells. Forty-eight hours after transduction, cells were stained
for B-gal expression and the titers were determined by counting the blue cells. All experiments were
carried out at least three times using independently generated vector preparations. Each titer repre-
sents the average of at least three experiments + standard deviation.
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TABLE 2: Titers of the HIV-3/B-gal(F) pseudotype
in different cell lines

Cell line Titer (TU/mt)

Hela 13.1+£5.7

Hep3B 3.4 X 104 £ 0.9 x 10¢
Huhé 1.7 x103£0.7 x 103
Huh?7 53x10+£0.8 X 104

HIV-3/-gal (F) was generated as described in Table 1 and activated with acetylated
trypsin. Forty-eight hours after transduction, titers were determined as described in Table
1. All experiments were carried out at least three times. Each titer represents the average
of at least three experiments + standard deviation.

Several previous studies demonstrate that the incorpo-
ration of heterologous envelope proteins into HIV or MLV
particles frequently depended on the removal of part or all
of the cytoplasmic domains from these proteins [25-27].
This prompted us to investigate whether shortening of the
cytoplasmic domain of SV-F could enhance its incorpora-
tion into HIV particles. Short cytoplasmic tails are less
likely to cause steric hindrance and to interfere with the
particle formation. Thus, we generated pCMV-Fdel, encod-
ing a truncated SV-F with only 2 amino acids out of 42
amino acids left in the cytoplasmic domain. The vector
titers derived from pCMV-Fdel in HepG2 cells increased
approximately threefold relative to those from pCMV-F
(Table 3), suggesting that the long cytoplasmic domain of
SV-F interfered with efficient incorporation of the SV-F
protein into HIV particles.

Physical Concentration and Stability of SV-Fdel
Pseudotyped Vectors

Vectors pseudotyped with VSV-G can be concentrated to
extremely high titers by ultracentrifugation [28]. We tested
whether SV-Fdel pseudotyped vectors could also sustain
the centrifugation force and be concentrated similarly.
HIV-3/8-gal(F) was activated by acetylated trypsin treat-
ment either before or after concentration by ultracen-
trifugation at 19,500 rpm for 2.5 hours, followed by trans-
duction of HepG2 cells. The efficiency of recovery

vectors against multiple freeze/thaw cycles, we generated
SV-F pseudotypes by transient transfection. The titer was
determined in HepG2 immediately after activation of the
virus by acetylated trypsin treatment or after one, two,
and three freeze/thaw cycles. Exposure of the vector to
multiple freeze/thaw cycles led to a progressive decrease in
titer, with only 4% of the original virus titer remaining
after three freeze/thaw cycles (Table 5). Activation of SV-
F with acetylated trypsin after three freeze/thaw cycles led
to similar virus titers (data not shown). Thus, the inactive
form of SV-F revealed the same instability against
freeze/thaw cycles as the active form. In this regard, SV-F
pseudotypes seem to be less stable than VSV-G pseudo-
types, which retain approximately 60% of the infectivity
after six freeze/thaw cycles [28].

An Increase in HepG2 Transduction with New
Generations of HIV Vectors

We tested whether improvements in the vector design
could significantly increase titers in HepG2 cells. Zufferey
et al. have shown that the insertion of the posttranscrip-
tional regulatory element sequence from woodchuck hep-
atitis virus (WPRE) into either retroviral or lentiviral vec-
tors increases the expression level of the transgene [29]. To
improve gene expression in hepatocytes, we inserted a
600-bp WPRE fragment downstream of the B-gal gene in
pHIV-3/B-gal to create pHIV-6/B-gal (Fig. 1). Previous
reports [30,31] demonstrated that several human cell types
were transduced with higher efficiency when the central
polypurine tract (cPPT) from HIV-1 was included in the
vector. This sequence facilitates the nuclear transport of
the preintegration complex [31]. To determine whether
this sequence improves the transduction efficiency of
hepatocytes, we inserted a 190-bp cPPT-containing frag-
ment immediately upstream of the internal CMV pro-
moter in pHIV-6/B-gal to create pHIV-7/-gal (Fig. 1).

To compare the transduction efficiencies of HIV-3/B-gal,
HIV-6/B-gal, and HIV-7/B-gal, we generated VSV-G and
SV-F pseudotypes by transient transfection, and the titers
were determined on HT1080 (for VSV-G pseudotypes) and

for the vector activated before ultracentrifugation
(F,-F,) was approximately 20-25% and the vector

TABLE 3: Titers of HIV-3/8-gal pseudotyped with
modified SV-F proteins

titers increased 16- to 20-fold, from 2.1 to 4.3 x 10*

TU/ml t0 3.4 to 8.6 X 105 TU/ml (Table 4). The effi- Titer (TU/ml)

ciency of recovery increased to 44-56% if the vec- Envelope protein

tor was concentrated first before activation (Fy). In €XPression plasmid  HT1080 HepG2

this case, the vector titers increased 36- to 44-fold, pCMV-G 1.3 X106£0.2 X 106 59%X105+£1.0x10°%

il'(()')ﬁn,lrlzj./l t;) é‘s X 124 Ts‘g/;‘nl, to 7.5 X 105 to 1.9b>< pCMV-F 0.0 2.1 x10°+ 0.5 X 10*
ml. Thus, the SV-F, precursor seems to be )

more stable than its cleaved subunits F, and F, to PCMV-Feny 00 12X 10°£08 x 10?

sustain the centrifugation force when incorporated PCMV-Fdel 0.0 6.3 X 10*+0.7 x 10¢

into HIV particles. These results clearly suggest that,
like VSV-G, the SV-F protein is stable in an HIV par-
ticle and can be concentrated to high titers.

To investigate the stability of SV-F pseudotyped

HIV-3/g-gal pseudotypes were generated as described in Table 1. The p24 level of each vector prepara-
tion was determined and similar amounts of p24 were used for static transduction of HT1080 cells and
flow-through transduction of HepG2 cells. Forty-eight hours after transduction, titers were determined as
described in Table 1. All experiments were carried out at least three times using independently generated
vector preparations. Each titer represents the average of at least three experiments + standard deviation.
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TABLE 4: Concentration of HIV-3/B-gal(F) by ultracentrifugation

Envelope Experiment Titer (TU/ml)
protein no. pre-conc.  post-conc.
F,-F, 1 21 x10* 3.4 x10°
2 43 x10* 8.6 x10°
o 1
2 21 x10* 7.5x%x10°
43 x10* 1.9 x 108

Fold Total virus (TU) Recovery
of conc. pre-conc.  post-conc. rate
16 1.7 X 106 3.4 X 105 20%
20 3.4 X105 8.6 X10° 25%
36 1.7 X106 7.5 X105 44%
44 34 X105 1.9 X10¢ 56%

HIV-3/B-gal(F) vectors were generated by transient transfection. Supernatants of transfected 293T cells were collected for three consecutive days and pooled.
Half of the supernatant was activated with acetylated trypsin and concentrated by ultracentrifugation (F,-F,). The other half of the supernatant was activated
after ultracentrifugation (Fy). The titer was determined after flow-through transduction of HepG2 cells by B-ga! staining as described in Table 1. The results of
two experiments using independently generated vector preparations were presented.

HepG2 cells (for SV-F pseudotypes). The presence of the
WPRE sequence and the cPPT sequence had very little effect
on the transduction of HT1080 cells (Table 6). However, in
HIV-6/g-gal(G) transduced cells, the B-gal expression
increased by twofold compared with HIV-3/p-gal(G) trans-
duced cells. The presence of both the WPRE and the cPPT
sequence in HIV-7/B-gal(G) resulted in a fourfold increase
in B-gal expression. In HepG2 cells, the transduction effi-
ciency for HIV-6/p-gal(F) increased 50% when compared
with HIV-3/-gal(F). The presence of both the WPRE and the
cPPT sequences in HIV-7/8-gal(F) resulted in an approxi-
mately fourfold increase in vector titers when compared
with HIV-3/B-gal(F) (Figs. 2A-2C). Consistent with the
increase in vector titers, expression of the g-gal gene in the
transduced HepG?2 cells also increased. The B-gal expression
in HIV-6/8-gal(F) and HIV-7/8-gal(F) transduced HepG2 cells
was approximately 5- and 20-fold higher than that in HIV-
3/B-gal(F) transduced cells, respectively (Table 6). The larger
increase in the B-gal expression relative to the vector titers
probably reflects the ability of the WPRE sequence to
enhance gene expression in transduced cells. These results
suggest that the combined effect of the WPRE and the cPPT
sequences led to improved transduction efficiency and gene
expression of SV-F pseudotyped HIV vectors in HepG2 cells.
The difference in the ability of the cPPT sequence to
improve titers in HT1080 and HepG2 cells suggests that its
effect is not universal and is dependent on the cell type.

To determine the maximum titer of SV-F pseudotypes
achievable on HepG2 cells, we generated HIV-7/p-gal vec-
tors pseudotyped with SV-F by transient transfection using
pCMV-Fdel containing the truncated SV-F gene. The cul-
ture supernatant was concentrated by ultracentrifugation
and HepG2 cells were transduced using the flow-through
method. HIV-7/8-gal was concentrated to 5.8 X 10° TU/ml
with a recovery rate of 44%. This result shows that high-
titer SV-F pseudotyped HIV vectors can be obtained. With
the procedures described in this study, we increased the
titer of SV-F pseudotype approximately 900-fold. With fur-
ther concentration steps, the vector should ultimately be
suitable for gene delivery into liver in vivo.

Transduction of Primary Human Cells

To test the transduction efficiency of the SV-F pseudotypes
in primary human cells, we transduced primary human
endothelial cells (HUVEC) and primary human hepato-
cytes with similar amounts of HIV7/B-gal(F) and HIV7/B-
gal(G). HIV7/B-gal(F) transduced HUVEC cells very poorly
with a transduction efficiency of 26.1 £ 11.3 TU/ml (Fig.
2E), whereas HIV7/8-gal(G) transduced HUVEC cells with
an efficiency of 8.3 x 10° £ 0.9 X 106 TU/ml (Fig. 2D). In
contrast, both vectors transduced primary human hepa-
tocytes with similar efficiencies (Figs. 2F and 2G).
However, precise estimation of the transduction efficiency
in primary human hepatocytes is difficult due to large
aggregates of hepatocytes under the culture conditions.
Nevertheless, these results show that HIV7/B-gal(F) was
able to transduce primary human hepatocytes efficiently
compared with HIV7/B-gal(G).

DiscussION

The development of vectors targeting specific cell types
in order to reduce potential immune responses to the
transgene product or the vector itself poses a major chal-
lenge facing gene therapy. The high affinity of SV-F for
the hepatic ASGP-R and its ability to mediate the fusion
between viral envelopes and the cell membrane are pre-
requisite for hepatocyte-targeted gene delivery. Our

TABLE 5: Stability of HIV-3/B-gal(F) pseudotypes

Freeze/thaw cycle Titer (TU/ml) 9% virus remaining
0 84 x10°+0.7 -
1 4.6 X 10*+£0.3 55%
2 1.6 X 104+ 0.5 20%
3 3.0 X 103+0.7 4%

HIV-3/B-gal(F) pseudotypes were generated by transient transfection and used for flow-
through transduction of HepG2 cells immediately after activation with acetylated trypsin
and after multiple freeze/thaw cycles. Titers were determined by B-gal staining 2 days
after transduction. All experiments were carried out at least three times. Each titer repre-
sents the average of at least three experiments + standard deviation.
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TABLE 6: Transduction efficiency of different HIV vectors in HT1080 and HepG2 cells

HT1080 HepG2
Vector Titer (TU/ml) B-gal activity Titer (TU/ml) B-gal activity
(U/mg protein extract/ng p24) (U/mg protein extract/ng p24)
HIV-3/B-gal 1.4 X105+ 0.1 x 106 643151 23 x10°£0.3 x 104 53+1.2
HIV-6/B-gal 1.7 X 105+ 0.1 x 106 1404 + 14.4 3.6 X 104+ 0.3 x 104 283+7.1
HIV-7/B-gal 1.9 X 106+ 0.2 x 106 2591 +15.4 1.0 X 105+ 0.5 X 10% 123.1£101

HIV vectors pseudotyed with VSV-G and SV-F were generated by transient transfection and used for transduction of HT1080 (G) and HepG2 (F) cells. The titer was determined by B-ga!
staining 2 days after transduction. To compare the level of B-gal expression, cell extracts were prepared by four freeze-thaw cycles. The B-ga! activity in the cell extract was determined
and then normalized to the protein concentration of the extract and the amount of P24 used for transduction. All experiments were carried out at least three times using independ-
ently generated vector preparations. Each titer or the B-gal activity represents the average of at least three experiments + standard deviation,

results show that pseudotyping of HIV vectors with the
SV-F protein led to preferential transduction of hepato-
cytes with no or very poor transduction efficiencies in
non-liver cells.

The transduction efficiency of HIV(SV-F) pseudotypes
in HepG2 cells, however, was approximately 98% lower
than that of HIV(G) pseudotypes. This decrease in the
transduction efficiency may be due to the abundance of
ASGP-R in HepG2 cells or the SV-F protein incorporated
into the vector. It could also depend on the interaction
between the SV-F protein and the ASGP-R. Inefficient
release of the internalized vector from the endosome com-
partment may also account for the relatively lower trans-
duction efficiency. In this study, we took several
approaches to try to improve the vector titer. Flow-through
transduction increased the titer in HepG2 cells by fourfold.
This is consistent with a previous report [20] demonstrat-
ing that flow-through transduction led to a ninefold
increase of MLV (SV-F) titers in HepG2 cells. Because hepa-
tocytes such as HepG2 cells are known to grow in a polar-
ized manner in culture [32-35] with most of the cell-sur-
face ASGP-R molecules expressed on the basolateral site,
ASGP-R molecules may not be accessible to the HIV-3/B-
gal(SV-F) particles applied from the top of the HepG2
monolayer. Thus, improved access of SV-F to its cell sur-
face receptor may explain the increased transduction effi-
ciency. A similar increase using the flow-through trans-
duction with HIV-3/8-gal(G) was also observed, consistent
with basolateral distribution of the VSV-G receptor in
polarized cells [19]. This hypothesis, however, cannot
exclude the possibility that the improved transduction
efficiency may be due to the method used for vector appli-
cation that facilitates the diffusion of the virus particles in
the culture medium, thereby increasing the efficiency of
virus/cell interactions.

Shortening of the cytoplasmic domain of SV-F led to a
threefold increase in vector titers. This result is consistent
with previous reports demonstrating that the incorpora-
tion of heterologous envelope proteins with long cyto-
plasmic domains into HIV or MLV particles depended on
the removal of part or all of the cytoplasmic domains

[25-27]. Although the 42-amino-acid cytoplasmic domain
from SV-F is relatively short compared with HIV env,
which contains 150 amino acids, it can probably cause
steric hindrance and interfere with efficient incorporation
of SV-F into the HIV particle. Shortening of the cytoplas-
mic tail to two amino acids most likely removed this steric
hindrance, leading to more efficient SV-F incorporation
into the HIV particle and an increase in the vector titer.

Gene delivery experiments in vivo require the infection
of a large number of cells, thus demanding high-titer vec-
tor preparations. Therefore, the ability to withstand the
forces encountered during vector concentration by ultra-
centrifugation is an important property of HIV (SV-F)
pseudotypes. The recovery rates for SV-F pseudotypes
ranged from 44% to 56% after one step of ultracentrifu-
gation. Thus, SV-F pseudotypes were less stable than VSV-
G pseudotypes, which can be concentrated by ultracen-
trifugation with recovery rates of over 90% [28]. However,
recovery rates obtained for SV-F pseudotypes were still 50
times higher than those obtained for other envelope pro-
teins such as the MOMVL env {28]. SV-F pseudotypes also
seem to be less stable than VSV-G pseudotypes in
freeze/thaw cycles [28]. These instabilities may be due to
the structure of SV-F, which comprises two polypeptides
linked by a labile disulfide bond. Loss of the extracellular
domain is believed to be the reason for the instability of
retroviruses during ultracentrifugation [36,37].

Lentiviral vectors have been pseudotyped with a vari-
ety of different viral envelope proteins or chimeric variants
including VSV-G, different MLV subtypes, and HTLV-1
[13,14,38]. The titers achieved with these envelope pro-
teins were modest compared with VSV-G pseudotyped
lentivirus vectors. However, none of these proteins could
be used to target specific cell types. In vivo gene delivery
into liver with HIV vectors pseudotyped with VSV-G
resulted in the transduction of cells in spleen that might
cause humoral or cellular immunity to the transgene prod-
uct and the vector [39]. Restricting the expression of trans-
genes to specific cell types has been shown, leading to
much weaker T-cell responses towards transgene products
and prolonged transgene expression in vivo [8]. These
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results emphasize the importance of restricted transgene
expression in order to lower the risk of inducing immune
responses. SV-F has been incorporated into F-virosomes
and used for in vivo gene delivery experiments targeting
mouse hepatocytes. It did not elicit significant humoral
immune responses in the animals [40]. Our data suggest

FIG. 2. Cell transduction with SV-F pseudotyped HIV vectors.
(A-C) HepG2 cells transduced with SV-F pseudotyped HIV-
3/B-gal, HIV-6/B-gal, and HIV-7/B-gal, respectively. The p24
level of each vector preparation was determined and 100 ng
p24 was applied for HepG2 transduction. The cells were
stained for B-gal activity 72 hours after transduction. (D, E)
HUVEC transduced with HIV-7/B-gal pseudotyped with either
VSV-G or SV-F. (F, G) Primary human heptocytes were trans-
duced with either HIV-7/B-gal(G) or HIV-7/B-gal(F). Similar
amounts of the vectors, as determined by the p24 level in
each vector preparation, were used for transduction.
Approximately 160 ng of p24 were used for the transductions.

that pseudotyping with the SV-F protein has the potential
to confer hepatocyte specificity on lentiviral vectors. The
use of SV-F as envelope protein for HIV vectors should
restrict the transduction predominantly to hepatocytes
and thus minimize potential immune responses to the
transgene product or the vector itself.
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MATERIAL AND METHODS

Plasmid construction. Plasmid pCMV-F was constructed by replacing the
VSV-G gene in pCMV-G with a 1.8-kb EcoRl/Xhol fragment containing the
SV-F gene isolated from pcDNA3-F [18]. To create an SV-F mutant with a
shortened cytoplasmic domain, a 750-bp fragment encoding the trans-
membrane domain and two amino acids of the cytoplasmic domain of SV-
F was amplified by PCR using plasmid pCMV-F as template. The sequences
of the two PCR primers used were 5'-TGTGGATCTAGAGAGATACATGGT-
TACCCT-3" and 5'-CCGCTCGAGTTAGAGTCTATAAAGCA-3'.

To create plasmid pCMV-Fdel, the PCR product was digested with
BstEI/Xhol and cloned into pCMV-F, replacing a 900-bp fragment coding
for the transmembrane domain and the full-length cytoplasmic domain of
SV-F.

To generate plasmid pCMV-Fenv coding for a fusion protein contain-
ing the extracellular and transmembrane domains of SV-F and the cyto-
plasmic domain of HIV env, two DNA fragments were PCR amplified. A
750-bp fragment encoding the transmembrane domain and the N-termi-
nal part of the cytoplasmic domain of HIV env was amplified using pCMV-
F as template. The sequences of the two PCR primers used were 5'-TGTG-
GATCTAGAGAGATACATGGTTACCCT-3' and 5'-TCCCTGCCTAACTCT-
ATAAAGCACGATGACGATCA-3'.

A 450-bp DNA fragment coding for the C-terminal part of the trans-
membrane domain of SV-F and the cytoplasmic domain of HIV env was
generated using pCMV-HIV-1 [41] as a template. The sequences of the two
PCR primers used were 5'-TGATCGTCATCGTGCTTTATAGAGTTAG-
GCAGGGA-3' and 5'-CCGCTCGAGTTATAGCAAAATCCTTTCCAA-3'.

To create pCMV-Fenv, both PCR products were purified, mixed, and
used for primer extension. The resulting 1.2-kb PCR product was cut with
BstEIl/Xhol and cloned into pCMV-F, replacing a 900-bp fragment encod-
ing the wild-type transmembrane and cytoplasmic domains of SV-F.

The plasmid pHIV-3 has been described [42] (Fig. 1). To generate pHIV-

6, a 600-bp BamHI/Sall fragment containing the WPRE was cloned into
PHIV-3 downstream of the unique BamHI site (Fig. 1). To generate pHIV-
7, a 190-bp Bglll/BamHI fragment containing the central polypurine tract
(cPPT) from HIV-1 was amplified from pCMV-HIV-1 [41] by PCR. The PCR
product was cloned into pHIV-6/B-gal between RRE and the unique BamHI
site (Fig. 1). To create pHIV-3/B-gal, pHIV-6/8-gal, and pHIV-7/B-gal, plas-
mid pC-lacZ containing the B-galactosidase gene was digested with
Notl/Smal. A 3.8-kb fragment containing the CMV promoter and the B-gal
gene was cloned in the unique BamHI site in pHIV-3, pHIV-6, and pHIV-
7, respectively.
Cell culture. HT1080, 293T, HepG2, Hep3B, Huh6, Huh7, and Hel.a cells
were maintained in high glucose (4.5 g/l) Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-
glutamine, and 100 mg/l gentamycin. HepG2, Hep3B, Huhé6, and Huh?7
were derived from human hepatocellular carcinomas. Primary human
endothelial cells (HUVEC) and primary human hepatocytes were purchased
from Clonetics, MD. HUVEC cells were maintained in EBM-2 medium
(Clonetics). The hepatocytes were maintained in HMM medium
(Clonetics).

Vector production and cell transduction. To produce infectious vectors,
4 X 10° 293T cells were cotransfected with 10 ug pcDNA3-F (18], 10 g
PCMV-HIV-1 [41], and 20 pg pHIV-3/8-gal (Fig. 1) by calcium phosphate
co-precipitation [43]. Plasmid pcDNA3-F contains the SV-F gene controlled
by the immediate early (IE) gene promoter of cytomegalovirus (CMV).
Plasmid pCMV-HIV-1 contains all HIV-1 genes except the env gene con-
trolled by the CMV promoter. The HIV vector, pHIV-3/B-gal, contains the
B-gal gene controlled by the CMV promoter. While Tat was expressed from
PCMV-HIV-1, generation of the HIV vectors was Tat independent due to
a fusion between the CMV IE enhancer and the HIVS'LTR in which the
HIV sequence upstream of the TATA box was replaced by the CMV
enhancer (Fig. 1). The HIV promoter and enhancer sequences in the 3’ LTR
were removed, leading to the generation of self-inactivating (SIN) HIV vec-
tors (Fig. 1) [44]. As a control, the same HIV vector pseudotyped with the
vesicular stomatitis virus envelope glycoprotein (VSV-G) was similarly gen-
erated with VSV-G expression plasmid pCMV-G [45]. Six hours after trans-
fection, the culture medium was replaced with fresh serum-free medium

containing 1% Ultraculture (Biowhittaker, Walkersville, MD), because
serum-free conditions were required to convert the SV-F, precursor into the
fusion-active F,-F, form by acetylated trypsin treatment [1S]. The super-
natant was harvested 24 hours after transfection and the virus was activated
by acetylated trypsin as described [18]. To determine the vector titers, 105
HepG2 cells or HT1080 cells were seeded in a 6-well plate in the presence
of 4 pg Polybrene/ml. The cells were transduced for 5 hours with various
dilutions of the vector. The cells were stained for p-gal activity 72 hours
after transduction. The p24 level of the vector preparations was determined
using the Coulter HIV-1 p24 antigen assay kit (Beckman Coulter, CA).

Flow-through transduction. HepG2 cells were plated out and cultivated
on collagen-coated Transwell-COL cell culture membrane inserts (Corning,
NY), which displayed an estimated porosity of 50%. For flow-through trans-
duction, the medium was removed from the outer chamber and virus-con-
taining medium was applied to the insert, inducing flow-through by grav-
ity. The medium was reapplied to the insert every 45 minutes. After §
hours, the medium was replaced with fresh medium. The transduction effi-
ciency was determined by B-gal staining 48 hours after transduction.

The B-gal assay. Cell extracts were prepared 3 days after transduction. The
cells were resuspended in 100 w! of 250 mM Tris-HCl, pH 7.8, and subjected
to four freeze-thaw cycles. Cell debris was removed by centrifugation and the
supernatant was used for the B-gal assay. The B-gal activity in the cell extracts
was determined by adding 50 ul of the extract to 450 pl of the B-gal buffer
(0.05 M Tris-HCI, pH 7.5/0.1 M NaCl/0.01 M MgCl,) containing 0.75 mg/ml
o-nitrophenyl-g-p-galactopyranoside (ONPG). The samples were incubated
at 37°C for 10 minutes and the reaction was terminated by adding 500 ! of
1 M Na,CO;. The B-gal activity was determined by measuring the OD,,, with
visible light. The units of active p-gal were determined from a standard curve
of the B-gal activity using purified -gal proteins (Sigma, MO).
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